HIGH-RESOLUTION PROTON NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY OF CYTOCHROME c*

By Kurt WiTHRICHT
BELL TELEPHONE LABORATORIES, INCORPORATED, MURRAY HILL, NEW JERSEY
Communicated by Robert E. Connick, April 28, 1969

Abstract.—In cytochrome ¢ the axial positions of the heme iron are occupied by
two amino acid residues, one of which is known from X-ray studies to be histidyl.
Nuclear magnetic resonance spectroscopy provides strong evidence that the
sixth ligand is a methionyl residue in both the ferric and ferrous oxidation states.
It is further shown that in cyanoferricytochrome ¢ cyanide ion replaces meth-
ionyl in the first coordination sphere of the heme iron. Additional data are ob-
tained on the protein conformation and on the electronic structure of the heme
group in ferricytochrome ¢. As in other heme proteins, the interactions with the
polypeptide chain greatly affect the unpaired electron distribution in the heme
group of cytochrome ¢. In particular, from a comparison of ferricytochrome ¢
and cyanoferricytochrome ¢, the importance of the coordination of the sixth
ligand is apparent.

Introduction.—Cytochrome c! is a protein of the respiratory chain which con-
tains one heme group (Fig. 1) per molecule. The axial positions of the heme iron
are occupied by two amino acid residues, one of which was found from X-ray
studies to be the histidyl residue in position 18.2 The present nuclear magnetic
resonance (NMR) experiments yield information on the sixth ligand (Fig. 1).
In the biological role of cytochrome ¢, interconversion between the ferric and
ferrous oxidation states of the heme iron is an important factor. This paper
presents a preliminary discussion of conformational changes arising from inter-
conversion between the ferric and ferrous oxidation states, and of the electronic
structure of the heme group in ferricytochrome c.

Nuclear magnetic resonance studies of cytochrome ¢ have been described pre-
viously. Kowalsky? reported that hyperfine interactions with the heme iron
give rise to large upfield and downfield shifts of three proton resonances of
ferricytochrome ¢. More recently, McDonald and Phillips studied the denatura-
tion of cytochrome c* and presented an interpretation of the NMR spectrum of
ferrocytochrome c.®

Expervmental.—Ferricytochrome ¢ of Guanaco was obtained from Dr. E. Margoliash.
For the NMR experiments, ca. 0.01 M solutions in 0.1 M deuterated phosphate buffer,
pD 7.0, were prepared. Cyanoferricytochrome ¢ was prepared by addition of KCN.
Ferrocytochrome ¢ was obtained by reduction of ferricytochrome ¢ with ascorbic acid or
lisodium-dithionite.

High-resolution proton NMR spectra were recorded on a Varian HR-220 spectrometer
equipped with a standard Varian variable-temperature control unit. The temperature
in the sample zone was determined from the chemical shifts of the resonances of ethylene
glycol. Chemical shifts are expressed in parts per million (ppm) from internal DSS

(sodium 2,2-dimethyl-2-silapentane-5 sulfonate), where shifts to low field are assigned
negative values.
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Results and Discussion.—The proton NMR spectra at 220 Mc of ferricyto-
chrome ¢ and cyanoferricytochrome ¢ are shown in Figure 2. Three parts of the
spectra, which contain all the observed resonances, are reproduced with different
vertical and horizontal scales. The spectrum of strongly overlapping resonances
between 0 and —9 ppm comes from the bulk of the 650 protons of the polypep-
tide chain. The sharp lines between —4 and —6 ppm are the resonance of
HDO and its side bands. The intensities of the resolved resonances observed in
the regions 2 to 7 ppm and —10 to —35 ppm correspond to one to three protons.
These resonances are shifted upfield or downfield by local magnetic fields arising
both from aromatic ring currents* ¢ and from the unpaired electron of the heme
iron.** 7 The lines at —34.0, —31.4, and +23.2 ppm are the shifted resonances
reported previously by Kowalsky.3

The resonances of amino acid residues located near the plane of an aromatic
ring experience an upfield ring-current shift* ¢ which may be as large as 2 ppm for
protons located within a few angstroms above or below the plane of a phenyl-
alanine ring.? Considerably larger shifts may result if the protons are located
near several aromatic amino acid residues or near the plane of the heme group.?
Resonances of aliphatic amino acid residues can thus be shifted to positions
several ppm upfield from DSS and may be well resolved at 220 Mc. Ring-cur-
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F1e. 2.—High-resolution proton NMR spectrum at 220 Mc of ferricytochrome ¢ and cyano-
ferricytochrome ¢. No DSS was added to these samples. The sharp lines between —4 hnd
—6 ppm correspond to the HDO resonance and its first and second spinning side bands. The
vertical and horizontal scales are different for the three parts of the spectrum. The high-field
line at +23.2 ppm is observed as an inversed resonance of the center band of the spectrum.
(The HR-220 spectrometer operates with a 10 ke/sec field modulatign. Usually one obsetves
the first upfield side band. If large hyperfine shifts occur, parts of the center band and the
different side bands of the spectrum overlap.)

rent shifts are very sensitive to the relative positions of the observed protons and
the aromatic rings in the three-dimensional arrangement of the polypeptide chain
and hence to conformational changes in the protein.* ¢ On the other hand, in
the absence of conformational changes, ring-current shifts are independent of
temperature.”

In the NMR spectra of paramagnetic heme proteins, one observes hyperfine
shifts in addition to the ring-current shifted resonances.” The unpaired electron
of the iron in the low-spin ferric hemes (Fe?+, 8 = 1/,) of ferricytochrome ¢ and
cyanoferricytochrome c is delocalized into the w-orbitals of the axial ligands and
the porphyrin ring. Unpaired electron density is then transferred by spin
polarization or hyperconjugation'® from the carbon or sulfur atoms to the protons
attached directly, or in methyl and methylene groups (Fig. 1). The resulting
contact shifts of the heme proton resonances are proportional to the spin densities
on the nearest ring carbon atoms.!® It appears that for low-spin porphyrin iron
(ITI) complexes contact shifts are large compared to pseudo-contact shifts.?: 1!
Furthermore, because of the very short electronic relaxation times of low-spin
ferric hemes,!? the line widths of the proton resonances are essentially unaffected
by electron-proton interactions. Hence, information about the unpaired electron
distribution in the w-orbitals of the heme group can be obtained from NMR
studies.” For the following discussion it is of importance that hyperfine shifts
are proportional to the reciprocal of temperature.

Ring-current shifts and hyperfine shifts can be distinguished from their tem-
perature dependences.” In the spectra of Figure 2, one finds that all the reso-
nances in the regions —10 to —35 ppm and 2 to 7 ppm are shifted by hyperfine
interactions.!* The temperature dependence of the ferricytochrome ¢ spectrum
between DSS and 3 ppm is shown in Figures 3 and 4. From Figure 4 it appears
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most likely that the resonances of intensities three and six protons observed at
+100 cps and +40 cps are shifted by ring-current fields. Further evidence for
the presence of ring-current shifted lines between 0 and 3 ppm comes from the
observation that the total intensity of the resonances outside 0 to —9.5 ppm
(Fig. 2) corresponds to a larger number of protons than are on the ligands bound
to the iron (Fig. 1). From their temperature dependences all the other reso-
nances upfield from DSS appear to
be shifted by hyperfine interactions.
In the ferricytochrome ¢ spectrum
FERRICYTOCHROME ¢ (Guanaco) We then have the following hyperfine
p0 70 shifted resonances. At 35°C eight
lines of intensity one proton are at
—18.1, —13.8, —11.8, —11.5, 0.6,
1.0, 4.0, and 6.0 ppm (Figs. 2 and 3).
Previous NMR investigations’™ !
showed that in low-spin ferric hemes
and heme proteins the resonances
of the methyl and methylene groups
are not usually split into single pro-
ton resonances. Therefore the ob-
served one-proton lines come most
likely from the six single protons of
porphyrin ¢ and the 2,4-imidazole
protons of the axial histidyl residue
(Fig. 1). Six methyl resonances
are at —34.0, —31.4, —10.3, 2.1,
and 2.5 ppm (Fig. 2) and at 0.2 ppm
oss ) . (Fig. 4).1 Resonances of two, four,
[ 2 3ppm and five protons at —0.1, 0.5, and
23.2 ppm (Figs. 2 and 4) would ac-

Fie. 3.—Dependence on temperature of the

proton NMR spectrum at 220 Mc of ferricyto- count in %nFenSlT’y for all but fiWO of
chrome ¢ between —1 and +3 ppm. the remaining ligand protons in the

structure of Figure 1, which one
would expect to experience sizable contact shifts. An additional methylene res-
onance might be between 0 and —9 ppm .

At least five of the six methyl resonances between —34 and 2.5 ppm come
from methyl groups of porphyrin ¢ (Fig. 1).f From the symmetry of the elec-
tronic wave functions of the heme group, and because no large negative spin den-
sities would be expected on the carbon atoms of the porphyrin ring, it appears
then extremely unlikely that any of the methyl or methylene resonances of the
heme group could be shifted to +23 ppm. Furthermore no high-field resonances
of intensity two or more protons have been observed above 5 ppm for any other
low-spin ferric hemes!! or heme proteins,’" 2 % including cyanoferricytochrome ¢
(Fig. 2). This implies that the resonance at 3.2 ppm comes from one of the axial
ligands. From previous work the sixth ligand is known to be a hemochrome-
forming aliphatic amino acid residue.!: 2 Of these, only methionyl'® could con-
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ceivably give rise to a contact shifted resonance of five protons, i.e., if the reso-
nances of the methyl and the methylene groups next to the sulfur (Fig. 1) were
accidentally degenerate. The shape of the resonance at 23.2 ppm does indeed
indicate that it consists of at least two overlapping lines. Thus the NMR spec-
trum implies that the sixth ligand of the heme iron in ferricytochrome c is
methionyl.

Analysis of the cyanoferricytochrome ¢ spectrum!* indicates that the four ring
methyls of the heme group (Fig. 1) are observed at —22.9, —21.1, —16.0, and
—11.4 ppm (Fig. 2). Most of the other hyperfine shifted lines are at high field
from DSS, but no resonance of intensity more than one proton is above 2 ppm.
As in ferricytochrome ¢ it appears that there are three ring-current shifted
methyl resonances between 0 and 1 ppm. The NMR spectrum between —10
and —35 ppm can be used for studies of the reaction of ferricytochrome ¢ with
cyanide ion. It was found that the cyanoferricytochrome ¢ spectrum in Figure 2
corresponds to a 1:1 complex.'4

In Figure 5 the high-field regions of the NMR spectra of ferricytochrome-c,
cyanoferricytochrome ¢, and ferrocytochrome ¢ are compared. The latter, which
is diamagnetic (Fe?t, S = 0), contains ring-current shifted resonances of in-
tensity three protons at 3.3, 0.7, 0.6, and 0.6 ppm, a resonance of two protons at
—0.1 ppm, and resonances of one proton at 3.7, 2.7, 1.9, 0.2, and —0.2 ppm
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Fig. 5.—Proton NMR spectra between —1 and +3 ppm of ferricytochrome ¢, cyano-
ferricytochrome ¢, and ferrocytochrome c.

McDonald and Phillips® suggested that the lines between 1.9 and 3.7 ppm come
from the methyl group and three protons of the y- and 8-methylenes of an axial
methionyl residue (Fig. 1) which would experience the strong ring-current field of
the porphyrin ring. As discussed above, other explanations for the unusual
positions of these resonances could be found. However, the following experi-
ment implies that the assignment to the methionyl protons is correct.

A solution of cyanoferricytochrome ¢ was reduced with dithionite. Figure 6
shows the resulting changes in the NMR spectrum. As judged from the dis-
appearance of the hyperfine shifted resonances, the reduction was very fast at
9°C. On the other hand, the four resonances between 1.9 and 3.7 ppm of the
ferrocytochrome ¢ spectrum appeared very slowly. After 50 minutes, the reac-
tion was not complete, as is seen from a comparison of the last two spectra of
Figure 6. These observations agree with the following reaction mechanism pro-
posed by George and Schejter!”:

—fast
cyanoferricytochrome ¢ + ¢ —— cyanoferrocytochrome ¢ (1)

slow

cyanoferrocytochrome ¢ — ferrocytochrome ¢ + CN—. (2)



Vou. 63, 1969 CHEMISTRY: K. WUTHRICH 1077

After the dissociation of the unstable
cyanoferrocytochrome ¢ (2), the axial
amino acid residue which was displaced
by cyanide ion (Fig. 1) goes back into
its place in the native protein. The
data in Figure 6 show that the ferro-
cytochrome ¢ resonances between 1.9
and 3.7 ppm come from this axial ligand
which then has to be methionyl, since
this is the only hemochrome-forming
amino acid residue!- !¢ that contains a
methyl group.

In addition to the identification of
the sixth ligand, the NMR spectra
yield data on the protein conformation
and on the electronic structure of the
heme group in ferricytochrome ¢. For
example, a comparison of the spectra in
Figure 5 shows that the ring-current
shifted methyl resonances at 0.7, 0.6,
and 0.6 ppm in ferrocytochrome ¢ are
at different positions in both ferricy to-
chrome ¢ and cyanoferricytochrome c.
Furthermore, it is seen from Figure 6
that two methyl resonances at 0.6 and

Cyte (Fe¥eN) [Guanaco]
D 70 9°C

RED. WITH DITHIONITE

2 MINUTES

IOMINUTES

20MINUTES

SOMINUTES

200 MINUTES AT 25°C

0.7 ppm are in identical positions in .

cyanoferrocytochrome ¢ and ferrocyto-
chrome ¢, whereas one methyl resonance
moves from 0.6 to 0.7 ppm upon dis-
sociation of the cyanide complex. This
shows that at least minor conforma-
tional changes occur upon both inter-

DSs

| I I |

Fig. 6.—Proton NMR spectra between —1
and +3 ppm of cyanoferricytochrome ¢ and of
the reaction products observed at various
times after reduction of cyanoferricytochrome
¢ with dithionite.

conversions between ferric and ferrous

oxidation states and complex formation with cyanide ion. Extension of the
analysis to the entire spectrum of the polypeptide chain will lead to a more de-
tailed description of these conformational changes.

From Figure 2 the unpaired electron distribution in the heme group of ferri-
cytochrome ¢ differs greatly from that found in eyanoporphyrin iron (III) com-
plexes.!! Thus, as was found in other heme proteins,” 15 the polypeptide-heme
interactions have a strong influence on the electronic structure of the heme group.
In particular, the comparison of ferricytochrome ¢ and cyanoferricytochrome ¢
implies that the coordination of the sixth ligand to the heme iron is an important
factor. The proton resonances at —34.0 and —31.4 ppm} of ferricytochrome
¢ correspond most likely to two ring methyls of the heme group.'* The two re-
maining ring methyl resonances are then much closer to —3.5 ppm, which is the
resonance position of the ring methyls in diamagnetic porphyrins.® This shows
that there are large positive unpaired electron densities on ring carbon atoms of
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two pyrrole rings of porphyrin ¢, and small positive or negative spin densities on
the two other pyrroles. This is interesting because in its biological role ferricyto-
chrome ¢ takes up an electron. Since X-ray studies have shown that only one
edge of porphyrin ¢ is exposed to the solvent,? a possible path for the electron
transfer would seem to be through this edge. Negative or small positive electron
density at one of the exposed pyrrole rings might contribute toward a favorable
free energy for the electron uptake.

It is a pleasure to thank Dr. W. A. Eaton for interesting discussions, Dr. E. Margoliash
for providing the samples of ¢cytochrome ¢, and Dr. R. G. Shulman for the hospitality ex-
tended to me at his laboratory.

* Presented in part at the fourth Middle Atlantic Regional Meeting of the American Chemi-
cal Society, Washington, D.C., February 13-15, 1969.

t Present address: Laboratorium fiir Molekularbiologie, ETH, Universitétsstr. 6, Ziirich,
Switzerland.

t In the methyl resonances at —34.0 and —31.4 ppm one observes a narrow and a broader
component, which have approximately equal intensities. This arises most likely because the
dipole-dipole coupling between the methyl protons is modulated by two different rotational
motions—a very fast motion about the C—C bond from the porphyrin ring to the methyl
group, and the slower rotation of the entire cytochrome ¢ molecule. This effect was predicted
from theoretical calculations by A. Redfield.’® To our knowledge it has not been observed
previously in a protein NMR spectrum.
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